
Reproduction Quality Notice 

This document is part of the Air Technical Index 
[ATI] collection. The ATI collection is over 50 years 
old and was imaged from roll film. The collection has 
deteriorated over time and is in poor condition. DTIC 
has reproduced the best available copy utilizing the 
most current imaging technology. ATI documents 
that are partially legible have been included in the 
DTIC collection due to their historical value. 

If you are dissatisfied with this document, please feel 
free to contact our Directorate of User Services at 
[703] 767-9066/9068 or DSN 427-9066/9068. 

Do Not Return This Document 
To DTIC 





^.GOVERNMENT 
IS ABSOLVED 

'  FROM ANY LITIGATION WHICH MAY 

ENSUE FROM THE CONTRACTORS IN 

wrVv 



'i>r. V*. 



MR No.  LoI^Oa I 
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

ATI HOL££*? 

WARTIME REPORT 
• ORIGINALLY   ISSUED 

May 1946 as 
! ernorandum Report l/>D30a 

SOME: HOSES ON THK EFFECTS OF JET-EXIT Häiscai 

ON STATIC LC:iGi:TIDINAL STABILITY 

By Clarence L. Gillis and Joseph Weil 

Langley Memorial Aeronautical LafcoraLory 
Langley Field, Va. 

m myumm MVJSJC», T- I 

Mtaranui * 

r 

R_£ F>£ÜäJL 

fc 

NACA   ^ 
WASHINGTON 

NACA WARTIME REPORTS are reprints of papers originally Issued tu provide rapid distribution of 
advance research results to an authorized group requiring them for the war effort. They were pre- 
viously held under a security status but are now unclassified. Some of these reports were not tech- 
nically edited.   All have been reproduced without change In order to expedite general distribution. 

I - 50? 



* 

NACA LAir-LBY MEMORIAL ACTONAüTICAL LABORATORY 

MElfORATDüM REPORT 

for the 
Air Materiel Command, Army Air Forces 

and the 

Bureau of Aeronautics, flavy Department 

SOME NOTES  ON THE EFFECTS OP JET-EXIT DESIGN 

017 STATIC L0W5ITÜDIWAL STABILITY 

B7 Clarence L. Gillls and Joseph Well 

SÜ5WAHY 

A number of types of jet-exit designs have been tested, 
some In still air and some in moving air. The results, 
which have at least a qualitative generality, are presented 
herein. If the jet exit is Improperly designed, the Jet 
may suffer a deflection on leaving the nozzle. This may 
result in an unpredictable and erratic variation of 
stability and trim with speed. 

It is shown that no deviation of" the, jet center tine 
from its expected path is likely to be obtained if a jet 
exit is used that is normal to the flow» With a beveled 
exit appreciable deflections of the jet are possible when 
the Wach number at the Jet exit attains or exceeds unity* 
at  lower Jiach numbers only a very small deviation of the 
jet is likely unless the internal fairing is unsymmetrloal 
»t the jet exit. 

A fuselage or nacelle which projects over a dis- 
charging Jet will probably not cause the jet to be deflected 
unless the natural expansion of the jot is restricted by 
the body. If the fairing between the win« end a jet or 
rocket unit suspended undarneatli is too blunt, * 
the Jet may be drawn toward the wing. 

When the structure around the free Jet behind the 
nozzle is not symmetrical with respect to the jet axis, 
the jot may adhere to the nearest surface causing a large 
and unpredictable effect on stability. 

»y%. 
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INTRODUCTION 

The difficulties encountered in estimating the effects 
of power on the atatic longitudinal stability charac- 
teristics of the conventional propeller-driven aircraft 
have long been apparent. The recent advent of jet- 
propelled and rocket airplanes apparently served as a boon 
to the designer in that the power effect on stability was 
at first glance much more amenable to analysis. The 
methods for calculating the effects of  Jet operation on 
stability developed in references 1 and 2 have generally 
been shown to slve good agreement with the results of 
wind-tunnel tests of several models for which the jet 
was simulated. The various effects, both direct and 
indirect, are discussed in reference 2 and formulas are 
derived for a quantitative evaluation in moat instances. 

An important part of the indirect effect of Jet 
operation, the change in downwash at the tail, as well as 
the direct thrust moment are dependent upon the direction 
of the Jet upon discharging from the exit. The geometric 
factors which may influence the position of the external 
Jet are the exit shape and the geometry of any fuselage, 
nacelle, or fairing which is in proximity to the path of 
the external jut. The   Jet position ;:iay also be affacted 
by internal asymmetry when the jet discharges within a 
body (as for a nozzle which does not extend to the rearmost 
portion of a fuselage). This paper presents the results 
of jet tests made in some cases in a v/ind tunnel 
/force measurements) and in other .cast-s discharging into 
still air ftotal-fcaad surveys) which show at least 
qualitatively the effects of the.- aforementioned geometric 
variables on jet deflection. In addition, because of its 
pertinency to the problem at hand and because of its 
otherwise limited circulation, some Oerman data 
(reference 3) which show the effect of external fairing 
on jet spreading have boen reproduced herein.  It should 
be emphasized that the present report presfcnts a 
compilation of the results of several Investigations 
where most of the modifications ware tested In connection 
with stability difficulties obtained on specific models. 
This report is therefore not an account of a complete 
or systematic Investigation. 

•• «»1 
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COSFFICIENTS AND SYMBOLS 

The coefficients and symbols used are defined as 
co    foil ows I 
in 
i 

*4 
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Lift 

I 

leff 
H 

q 

s 

o» 

v 

P 

a 

lift coefficient (Lift/qS) 

longitudinal-force coefficient    (X/P.S) 

pitching-morvnt coefficient about ccnter-of-gravity 
location shown in figure 1    (M/qSC) 

effective thrust coefficient based on wing area 
(Tefr/qS) 

angl» of  tilt of nozzle,  degrees, positive downward, 
measured with respect to fuselage center line 

forces along axes, pounds 

Mach number;  also moment about Y axis, pound-feet 

Mach number at Jet exit 

Mach number at survey plane 

Jet effective  thrust, pounds 

total head, pounds p»r square foot 

free-stream dynamic pressure, pounds per square 
foot    (PVV2) 

wing area (10.'4. sq ft on model) 

wing mean aerodynamic chord (M.A.C.)  (l.lj.8 ft on model) 

free-stream velocity, feet per seoond 

Je"t velocity at nozzle, feet per second 

mass density of air, slugs per cubio feet 

angle of attack of fuselage center line, degrees 
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h   distance between the eenter of gravity and the 
fuselage eenter line (0.0183 ft on model); 
positive when center of gravity Is above 
fuselage center line 

I   distance from the center of gravity to thfc point 
about which the thrust line pi voted (appro*. 1|..0 ft 
on model); positive rearward 

D   jet-exit diameter 

A        distance from jet exit to survey plane 

\\ 

APPARATUS mD IIETROD 

Description of Models and Apparatus 

Still air.- A circular nozzle with an exit shape 
normal to the flour (hereafter referred to as the normal 
exit),  a nozzle with a 'beveled exit,  and a nozzle with an 
asymmetric internal shape were te3tcd with a high-speed 
cold jet exhausting into still  air,     (See fig« 2.)    In 
addition,  a streamlined body was placed over the   loraial 
jet exit to approximate roughly the fuselage of un air- 
plane  and tests were made with and without a fairing of 
modeling clay.     (See fig. 3.)    The conventional rake  of 
low-speed total- and static-pressure oriflcos was used for 
all pressu.e surveys made.     It should therefore be noted 
that for  the iiir&est jet speeds the  pressure readings and 
hence also the computed' Mach numbers may be slightly in 
error.    The air supply was obtained by running a line  to 
a reservoir of compressed air.    A schematic sketch of the 
test setup is shown in figure 1+.    Because the cold jet of 
these testa would not reproduce conditions on an airplane, 
the results were considered to have only-qualitative 
application.     Static pressures at the nozzle exit and total 
head in the pipe were measured.     (See fig. 4.)    The Mach 
numbers at the jet exit were oomputed from these data.   * 

Oöttingon..- The  German data,   a portion of which Is 
reproduced heroin, wore obtained in the Oö'ttingtn No. 2 
wind tunnel.    A skotch showing somo of tho dttails of the 
model and ffiiring ie givun in figure 5«    A circular 
fuselage with a slight taper «as'usod.    The nozzle was 
also circular with a largo  conical plug In thü  center. 

 / 

"t ** 



•*•'. 

I 

MR NO. L6D30a 5 

This arrangement wag tested with the fuselage placed so 
that a distance e^ual to the nozzle exit diameter separated 
the lower surface of the nozzle exit and the tunnel floor. 
Two fairings that ended under the nozzle exit were used 
between the fuselsge and the tunnel floor.  One of the 
fairings (fairing A) terminated in a bluff shape with a 
width equal to the jet-exit diameter; the other (fairingB) 
had a more streamlined appearance tapering to a knife edge at the exit. 

Langley 7- by lQ-foot tunnel.- Tests to determine 
the eTfects or variation in nozzle geometry for a specific 
wing-fuselage combination were ntde. Thrust was obtained-, 
through the use of a two-stags nxial-flow blower which was 
driven by two 27-horsepower electric motors. The speed 
was determined with an electric tachometer. A drawing of. 
the model setup used ror these tests is shown in figure 6. 
The original nozzle, which was supplied with the model, 
was unsymraetrical and diverging as 3hown in figure 7. 
A modified nozzle (fig. 8) had an exit which was normal 
to the jet. Both of these nozzles were set parallel to 
the fuselage center line at station A (fig. 1).  In 
addition, data were obtained with tilted extensions to 
the modified exit (k°)  or with the entire tail-pipe 
assembly tilted k    from the fusolage break line indicated 
in figure 9.  in some of the tests where the entire 
assembly was tilted the extension to the nozzle remained 
attached (set at 0° relative to the tail pipe) while 
in others it was removed. 

¥'• 

Methods 

«ade äTTirifafoesTofaa%^d
1?

tatle-Pr9as«'e aurvevs w.M nozzle exit.    The  le* „??    }? no«l« diameters behind £ 
a line runnin* to Itl velocity waa varied bv thro?;?? the 

approximate ^Ä^rS*,0* «"wÄ^S 
to aupersonic and that Ml ^ J?* 9xit varied from 0 /U 
«urvey plane m*tt&F.^toiQt<Fnt*r llne *^ 

Oottinren'.-'Tnt-ni     =   *   \       "•3«J» 
»*de  iTF a nt^fer ifi^V  atlc^r05a-  aurvays were 
The tests -.vere ma£ ?n 2i5i'a?n°es,bohlnd the S* e" 
The tunnel velocity for tklalll "** at two tur«°l apeeds 
corresponded to a wST^Ä reproduced herein 3peeda* 
velocity of the  Jet at ?hu exit /W  °'10 and the 
number of about 0.20. " c°rr°sp°nded to a Mach 

>fc< 
*•**•%. 
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Langley 7- by 10-foot tunnel.- The tests were made 
at tunnel speeds corresponding to Kach numbers of about 
0.053 to O.Ö79 with the jet velocity at the exit ranging 
up to a Mach number of about 0,3.    All tests were made 
by measuring the longitudinal force and pitching nonent 
for a range of blower speeds with the aodel at 0° angle 
of attack.    Thrust coefficients were determined from 
the relation 

T_ 1  = C,, 
^blower on 

- C, 
'blower off 

where    C 
Xbl ower on 

is  the  longitudinal-force coefficient of 

the model with the blower operating and    C*- 
•"•blower off 

is the  longitudinal-force  coefficient of the model with 
a fairing placed over the duct  inlet to prevent air flow 
through the duct.    For a given blower speed this 
definition of thrust coefficient  is believed to result 
in a slightly higher evaluation due to an excessive 
blower-off drag.    A more accurate value of blower-off 
drag would have been obtained if a streamlined fairing 
were placed over the tail cone  or  if it hed been possible 
to obtain a jet-exit velocity equal to that of the free 
stream. 

RESULTS  AITD DISCUSSION 

The results of the total-head surveys made in still 
air which show the respective effects of normal, beveled, 
and unsymmetrical exit shapes on jet deflection are 
presented in figure  10.    The unsymmetrical nozzle 
oonfigur&tion  (fig. 2(c)) was  chosen to approximate the 
original installation tested on the '.vind-tunnel model 
(fig.   7)»     Preliminary tests on the wind-tunnel model 
had indicated an erratic variation of    C-,    with m T   » 10 
with this nozzle which was  completely rectified when a 
modified nozzle   (normal exit  shape,   fig.   8) was used. 

The results  of total-head surveys made  in still air 
'to show the effect of the  fuacl&ge projecting over a 
normal exit are given in figure  11,    The German data 
(velocity profiles behind a jet obtained from wind- 
tunnel tests)  illustrate the effects of variation in 
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fairing immediately forward of the Jet on the behavior 
of the jet in clo3e proximity to a two-dimensional 
surface,  (See fig, 12.) 

The effects of internal asymmetry on jet deflection 
are shown in figures 13 and 1I4.. This asymmetry was 
brought about while attempting to improve the longi- 
tudinal stability characteristics of a proposed jet- 
propelled fighter.  (The wing-fuselage combination is 
shown in fig. 6.)  It was understood that on the full- 
oeale airplane the jet would bo tilted by tilting the 
Jet nozzle inside the tail pipe, leaving the position 
of the tail pipe unchanged.  On the model this was 
represented by tilting extensions to the nozzle k 
(fig. 9). The internal asymmetry near the exit was 
eliminated for tests where the jet was tilted by rotating 
the entire tail pipe assembly behind the break line k 
above pivot B, 

Effect of Exit Shape 

For the normal exit the jet center line remained un- 
altered upon leaving the nozzle. (See fig. 10(a).) 

With the beveled exit no deflection is shown until 
supersonic velocities are obtained at the exit. Then 
deflections of the ord=r of 4° or 5° occur, (Se» fir. 
10(bV) The absence of any appreciable jet * »flections with 
a beveled exit at subsonic speeds has also b-°n shown from 
the results of another investigation (unpublished). In 
addition the ph»nom»non of Jet deflection has been observed 
in tests in which air or steam was discharged at supersonic 
velocities from diverging and pirallel wall pipes with 
beveled exits. The results of these tests, together with 
a discussion of some  of the theoretical aspects of the 
problem, may be found in reference 4 iPP>  113-156). It 
is shown that the amount of Jet -^flection is critically 
dependent upon the relation of the back pressure to the 
pressure in th» nozzle. The deflection is ^»pendent to a 
much lesser degree on the friotional force in the beveled 
portion of the nozzle. 

On all present turbojet airplanes the jet velocities 
are entirely subsonic. The temperature gradients of an 
actual airplane jet were not reproduced in the present tests« 
however, or in the unpublishe-3 tests referred to earlier. 
It is therefore not entirely sr.fe.to conoludo fror.i thp 
negative results of these tests for subsonic exit velocity 
that an actual jet airplane will not show harmful effects 

•;»,fe. 
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from beveling the jet exit. Also, the positive results of 
the present tests for supersonic velocity are directly 
applicable to rocket-powered airplanes.  Beveling the 
rocket nozzle would be expected to introduoe considerable 
jet deflection and variation of deflection with flight 
oondition. 

For the unsymmetrioal nozzle it may be noted that at 
the lowest speed tested, Mg = O.70 (fig, 10(c)), a large 
upward deflection was obtained.  This deflection was 
probably oaused by the flow separating from the lower 
surface of the nozzle but following the oontour of the 
upper surface. For the higher Jet velocities the magnitude 
of this trend appears to be much reduced (compare figs. 10(b) 
and 10(o)) anfi it is a matter of conjeoture whether the 
separation is a Reynolds number or a ;.Iach number effect. 
The unsymmetrioal nozzle is clearly to be avoided in the 
design of Jet airplanes. 

Effeot of External Body or Fairing 

No notloeablo Jet displacement is lndloatei? for the 
limited jet-fuselage combinations of the present investi- 
? ation either with or without the modeling clay fairing. 
See fig. 11.)  This substantially agrees with the results 

of another very limited investigation (unpublished data) 
in which the jet also discharged under a fuselage.  British 
data (reference 5) seem to indicate that the Jet path will 
not be materially affected by being in proximity to a body 
if tho body does not lie in the natural path of spreading 
of the Jet (the angle of spreading may be obtained by using 

methods given in references 1 and 2) . When the body does 
lie in the path of the Jet, the jet may be doflooted 
through large angles.  This is known as the Coanda effeot 
and is discussed in some detail in reference 5- 

^Figure 3 shows that the fuselage tested in still 
air would be in the path of the je-t for a spreading 
angle of more than 10°.  Calculations based on the test 
data (fig. 10) indioated an actual spreading angle 
of 8° or 90 as compared to a computed value of about 130 

(reference 2).  The difference is probably caused by 
the difference in the shape of the velocity profile. 
The edge of a jet is ill-defined In any case and the 
Important consideration is that the fuselage lie outside 
the region of appreciable jet velocity. An estimate of 
this region can be obtained from reference 2, 

*' 
*>*Y%, 
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r 
It la apparent from the Gorman data (fig* 12). that 

the Jet was not drawn toward the tunnel wall when the 
streamlined fairing (fairing B) was used. In fact the 
Jet seems to be tilted slightly away from the wall. 
However, when the bluff fairing (fairing A) was tested 
the Jet was drawn toward' the tunnel wall, probably 
beoause the entralnment of air Into the Jet was restrained 
somewhat by the fairing. A problem of this type might 
be encountered in designing a fairing for a Jet or 
rocket unit located under a wing.  The data of figure 12 
Is representative of a unit located at about a ndd-ohord 
position. 

Effect of Internal Asymmetry 

It can be shown theoretically that, for small jet 
defleofions (cos j6  * 1), the value of (dCm/dT.1)1 
may be obtained from 

b***fi 
i — 

(V 
where the symbols have been previously defined, 
also fig* 1.) 

(See 

Computations with the above equation were made using 
the theoretioal variation of   Vj/V   with   T0»    for a cold 
jet having a density equal to that of the free stream. 
The effeot of turning the Inlet air Is not included in 
the equation.    Inasmuch as all test data presented were 
obtained at    o = 0°    and near zero lift  (negligible wing 

*The Increment to the stability of the complete 
model contributed by the direct thrust force, AOCJ^CJ,), is 

__1L x -    For this model a change in   dOj^T^ 

of 0.037 was equivalent to a 1-peroent M.A.C.   shift in 
neutral-point location on the airplane for the full- 
power oonditlon. 
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upwash at the inlet) the equation should De valid for 
comparison.    The results of calculations for a jet 
deflection,     p = l±°,     are shown in figure l!).. 

A comparison of the theoretical    ac^dTj.»    and 
experimental values with the shorter tilted nozzle ' 
extension (fig.  it).,  q = l)..09  lb/sq ft)  shows the experi- 
mental values to be considerably more negative.     It is 
believed that inclination  of the jet by means of a nozzle 
extension that does not extend to the end of the tail 
pipe causes the jet to be drawn toward the wall of the 
tail    pipe nearest the nozzle exit.    Thus in this instance 
the Jet is actually inclined  a larger amount than the 
geometry of the system would indicate.    Th^re is also a 
break in the curve of    Cffi    against    Te'     in the higher 
thrust range.     (S<*e fig. 13.)    Ch°ek tests indicated the 
likelihood of  two alternative    flow regimes i» this region. 

When the entire tail-pipe assembly behind  the fuselage 
break line (including the shorter extension) was tilted    £0 

tile values of    dC/oT.. '     agreed reasonably well with the 
theoretical,  indicating that the jet wac being inclined 
as desired.    With the extension removed, however,  the 
data appeared more erratic and were farther from the 
theoretical  over part of the thrust range.     (See fig.  lit.) 
The  tests with the nozzle extension lengthened until  it 
coincided with th»  pnd  of the   tail pipe were  intended 
to provide a further check on the effect of nozzle length 
on jet inclination.    The test    points are somewhat 
scattered  <fig. 13) possibly because of a failure to 
obtain a smooth  juncture between the short extension and 
the lengthened extension.    The    data do indicate, however, 
that the variation of    C_    with    T„•    with the lengthened 
extension was considerably closer to the results obtained 
with the other means of jet tilt than with the shorter 
nozzle extension tilttd. 

applicability 

Throughout most of this paper the effects of various 
Jet-exit designs on the static longitudinal stability 
and trim characteristics have been stressed.     It is 
possible, however,   that some of the3e difficulties could 
also be obtained on  the static  directional stability and 
trim characteristics. 
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Limitations.- Because of problems posed by limitations 
In testing techniques, actual oonditions obtained on an 
airplane could not be reproduced. Although a cold Jet 
was used throughout, the results of tests with superaonio 
.jet velooities reported in reference k  show the same effects 
of a beveled exit on jet defleotion when a hot Jet is used. 
On some jet airplanes a ring of oooling air surrounds the 
internal hot Jet. The influence of this arrangement on 
the results presented in this paper is nofkncwn. TCie 
deflections obtained from the still air tests are probably 
somewhat larger (for a constant jet velocity) than would 
have been indioated if the data had been obtained in 
moving air. 

CONCLUDING REMARKS 

It is shown that no deviation of the Jet oenter line 
from its expected path is likely to be obtained If a Jet 
exit Is used that is normal to the flow« with a beveled 
exit appreciable deflections of the Jet are possible when 
the Mach number at the Jet exit attains or exceeds unity« 
At lewer Mach numbers only a very small deviation of the 
Jet is likely unless the internal fairing is uneymmetrloal 
at the Jet exit. 

A fuselage or nacelle whioh projects over a discharging 
Jet will probably not oause the Jet to be deflected unless 
the natural spreading of the Jet is restricted by the body. 
If the fairing between the wing and a jet or rocket unit 
suspended underneath is too blunt the jet may be drawn 
toward the wing. 

If the structure around the free Jet behind the 
nozzle is not symmetrical with respect to the jet axis, 
the jet may adhere to the nearest surface causing a large 
and unpredictable effect on stability. 

Langley Memorial Aeronautical Laboratory 
national Advisory committee for Aeronautics 

Langley Field, Va. 
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Adjustable plug 

\niozzle Top view 

*^-~4  

Tail-pipe (etfmte to break line) 

Side view 

NATIONAL ADVISORY 
CONMTTEI rOI «BMMUTKS 

fes/ttcf a* co*?/o/»fo  tyind-iunnel mode/. 
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